Dentinogenesis is being used as a model for understanding the biomineralization process. The odontoblasts synthesize a structural matrix comprised of Type I collagen fibrils which define the basic architecture of the tissue. The odontoblasts also synthesize and deliver a number of dentin-specific acidic macromolecules into the extracellular compartment. These acidic macromolecules may be involved in regulating the ordered deposition of hydroxyapatite crystals within the matrix. AG1 is the first tooth-specific acidic macromolecule to have been cloned and sequenced. To identify which cells of the rat incisor pulp/odontoblast complex were responsible for synthesis of AG1, in situ hybridization was used. Digoxigenin labeled sense and anti-sense AG1 riboprobes were prepared. The AG1 mRNA was found to be expressed in the
Introduction
It has been hypothesized that in almost all biomineralization processes the organic matrix regulates the development of the mineral phase (13, 24) . We have studied dentin as an example of mineralization within a collagenous matrix. Although the principal constituent of the dentin matrix is Type I collagen, the dentin extracellular matrix contains a number of non-collagenous proteins (NCPs) which could be involved in regulation of mineralization. Many of these NCPs are quite acidic, by virtue of high contents of aspartic acid and glutamic acid and by the presence of high contents of phosphorylated serine residues (23). A major focus of interest now is on the ability of these acidic NCPs, particularly phosphoproteins, to initiate or facilitate the mineralization process.
Studies of a cDNA library prepared from cells of the rat incisor odontoblast/pulp complex of 3-week-old Sprague-Dawley rats led to the identification of a serine-rich acidic protein which appeared to be a dentin matrix component. This protein, not previously described, was designated AG1 based on the cloning number (9) . The AG1 appears to belong to the family of dentin proteins rich in se.
ine and aspartic acid and has many potential phosphorylation sites, especially for messenger-independent kinases of the casein kinase I1 group. AG1 has several extensive, highly acidic domains containing serine (as Pser), aspartic acid, and glutamic acid, based on the DNA sequence data. The native protein, subsequently detected in EDTA extracts of rat dentin, has an Mr of 57,000, consistent with the coding region of the cDNA. Northern hybridization analysis (9) of the mRNA from several tissues indicated that AG1 was a dentinspecific protein. Since AG1 cDNA was isolated from a library containing a mixture of pulp cells and odontoblasts, we have undertaken the determination of which cells of the odontoblast/pulp complex were responsible for transcription of the AG1 mRNA.
We have used in situ hybridization (14, 18, 19) to determine the presence and distribution of AG1-related mRNA in odontoblasts. In situ hybridization allows examination of the products of gene transcription in tissue sections by using DNA or RNA probes complementary to the messenger RNA species of interest. Recently, a variety of novel non-isotopic labeling systems have been described based on digoxigenin (DIG) detection (2, 4, 7, 17) . We have used digoxigenin-labeled probes (Genius; Boehringer Mannheim, Mannheim, Germany) in all our in situ experiments.
Another important question was to examine the chromosomal 1527 location of AG1, with the possible linkage to the locus of mineralization defects in dentin. The principal dentin mineralization disorders are broadly grouped under the name of dentinogenesis imperfects (DI). Three clinical entities, DI-I, -11, and -111, have been identified to date. DI-I describes the disorder in which dentin mineralization defects are coupled with osteogenesis imperfecta (01)-related bone diseases. In these cases there appears to be some alteration in Type I collagen genes. Type I11 is a complex heterogeneous disorder in which'both collagen and mineralization are affected. Type I1 DI is not related to any collagen defects. However DI-I1 was of special interest because we had previously found evidence that there was a reduction in the amount of phosphophoryn (the principal acidic, phosphorylated NCP of dentin) in the teeth of several DI-I1 patients (21,22). Therefore, the chromosomal localization of AG1 was also performed.
Materials and Methods

In Situ Hybridization
Preparation of RNA Probes. AG1 cDNA was subcloned into the polylinker site of pBluescript, which contains two strong promoters for T3 and T7 RNA adjacent to the polylinker. The plasmid containing the insert was linearized by restriction digestion with Not1 and Hind111 to generate antisense and sense strands, respectively. The sense and anti-sense complementary RNA (cRNA) hybridization probes were prepared by in vitro transcription using T3 and T7 polymerases in the presence of 11-dUTP. This was done with the Genius 4 kit (Boehringer Mannheim) which contains DIG-UTP as a substrate incorporated into the transcript such that every twentieth to twenty-fifth nucleotide of the newly synthesized RNA is a DIG-UTP. The linearized DNA was purified by phenollchloroform extraction and ethanol precipitation. One pg of DNA was used for in vitro transcription. To this was added 2 pl 10 x transcription buffer, 2 pI NTP labeling mix, and 2 pI of SP6 or T7 RNA polymerase. The reaction mixture was incubated at 37°C for 2 hr. The reaction was stopped by adding 2 p1 EDTA at pH 8.0. The labeled RNA was precipitated with 2.5 pl LiCl and 75 p1 prechilled ethanol. The transcripts were analyzed by agarose gel electrophoresis and ethidium bromide staining. The probes were stored at -70°C.
Fixation of Tissue. Incisors from 3-week-old Sprague-Dawley rats were used for isolation of the pulp. Bishop and Baker (3) have shown microscopically that the odontoblast cell layer remains attached to the rat pulp after pulp removal. This pulp was fixed immediately in 1 x PBS containing 4% formaldehyde and was paraffin-embedded in the conventional way. Sections were cut at S-pm thickness and floated directly in DEPC (diethylpyrocarbonate)-treated water on slides that had been treated with Vectabond reagent (Vector; Burlingame, CA) according to the manufacturer's protocol. The slides were left at 42'C on a slide warmer for 2 hr, allowing the sections to adhere to the slides.
Hybridization. The paraffin sections were deparaffinized in xylene and hydrated through a graded series of ethanol solutions (100, 80, 70, 50, 30% and water) and then rinsed in PBS. The sections were then treated with proteinase K ( 5 pglml) for 30 min at 37°C in proteinase K buffer for partial proteolytic digestion. To block nonspecific binding sites the sections were pre-hybridized in hybridization solution for at least 4 hr at 37%. The hybridization solution was made up of 50% formamide, 6 x SSC (standard sodium citrate), 0.05% SDS, 5 x Denhardt's solution, and 500 pglml denatured salmon sperm DNA. The pre-hybridization solution was drained off the slides and replaced with the probe denatured at 100°C for 10 min and quick-cooled in ice for 10 min. The probe was added at a concentration of 1 ngl pl. All samples were hybridized overnight at 40%. Controls were carried out by using the sense (+) cRNA probe under the same conditions.
Digoxigenin Detection System. The sections were first washed in 2 x SSC at room temperature for 30 min, followed by washes in 0.1 x SSC for 15 min at 42'C. They were then washed with Buffer 1 (100 mmol TrisHCl, 150 m o l NaCI, pH 7.5) for 10 min. The washed slides were incubated with 2 % blocking reagent in Buffer 1 at 37°C for 30 min. Anti-digoxigeninlPOD conjugate antibody diluted 1:200 with Buffer 1 was applied to the section and left at 37'C in a humidified chamber for 2 hr. The slides were washed three times with Buffer 1, then stained using a freshly prepared solution of diaminobenzidine for 10 min. After incubation the slides were washed extensively with water and counterstained with hematoxylin. The slides were viewed by light microscopy. A positive stain appeared as a brown color against a blue counterstain background.
Chromos0 mal Localizatio n: In terspeczFc Backcross Mapping
Interspecific backcross progeny were generated by mating (C5 7BLI6J x M. spretus) F1 females and C57BLl6J males as described (6) . A total of 205 N2 mice were used to map the AG1 (Dmp) locus. DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot transfer, and hybridization were performed essentially as described (11) . All blots were prepared with Zetabind nylon membrane (AMFCuno). The probe AG1 rat cDNA was labeled with [ U~~P I -~C T P using a nick-translation labeling kit (Boehringer Mannheim); washing was done to a final stringency of 0.5 x SSCP, 0.1% SDS, 65°C. Major fragments of 4.5 and 2.8 KB were detected in EqI-digested C57BL/6J DNA and major fragments of 2.9 and 2.3 KB were detected in TaqI-digested M. spretus DNA. The presence or absence of the 2.3 KB M. spretus-specific TaqI fragment was followed in the backcross mice.
A description of the probes and RFLPs for the loci linked to AG1 (Dmp), including fibroblast growth factor 5 (Fgf5) and B-glucuronidase (Gus), has been reported previously (1) . Recombination distances were calculated as described (10) using the computer program SPRETLJS MADNESS (developed in our laboratory). Gene order was determined by minimizing the number of recombination events required to explain the allele distribution patterns
Results
The pulp/odontoblast complex consists of a complex mixture of cell types. The odontoblasts form a dense band of highly polarized cells at the periphery of the pulp. Immediately below the odontoblast layer there is a clear, relatively cell-free zone. Subjacent to this is a cell-rich layer of non-polarized cells, as shown in Figures  1 and 2 . The fibroblast-like pulp cells are more sparsely distributed throughout the pulp. Figures 1 and 2 show the staining of the odontoblasts by the AG1 anti-sense (-), and sense (+) riboprobes, respectively. AG1 mRNA expression is restricted to the fully differentiated odontoblasts, which at this stage are engaged in active formation of the mineralized dentin. The intensity of anti-sense probe hybridization was highest in the perinuclear region of the odontoblasts (Figure 1 ). This region corresponds to the rough endoplasmic reticulum where the message is being actively synthesized and processed. The anti-sense probe did not hybridize to either the cells within the cell-rich sub-odontoblast zone or the fibroblastic cells of the pulp. The sense probe was completely negative for all cells (Figure 2 ). Northern blot analysis of mRNA extracted from rat skin, liver, brain, calvaria, tibia, and teeth and probed with the 5' end of AG1 cDNA had shown the presence of AG1 mRNA in the teeth only (9) . The AG1 cDNA had been obtained from a cDNA library that included all types of cells from the pulp/dentin complex. The in situ hybridization experiments demonstrate that it is only the odontoblasts that transcribe the AG1 gene within the pulp/dentin complex.
Chromosomal Mapping and Analysis of the AGI Gene (Dmpl)
The mouse chromosomal location of AG1 was determined by interspecific backcross analysis using progeny derived from matings of [(C57BL/6J x M. spretus)F1 x C57BL/6J] mice. In accordance with the current convention regarding the naming of genes according to tissue and/or function rather than the cloning nomenclature, the localized gene of the dentin-specific AG1 has been renamed Dmpl (dentin matrix protein 1); this name will be used in all further discussion. This interspecific backcross mapping panel has been typed for over 1400 loci that are well distributed among all the autosomes as well as the X chromosome (6). C57BL/6J and M. spretus DNAs were digested with several enzymes and analyzed by Southern blot hybridization for informative restriction fragment length polymorphisms (RFLPs) using a rat cDNA probe. mice were analyzed for every marker and are shown in the segregation analysis (Figure 3) . up to 151 mice were typed for some pairs of markers. Each locus was analyzed in pairwise combinations for recombination frequencies using the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci and the most likely gene order are: centromere-Fgf5-4/151-Dmp1-17/150-Gus. The recombination frequencies [expressed as genetic distances in centiMorgans (cM) f the SE] are -Fgf5-2.7 * 1.3-Dmpl-11.3 *
We have compared our interspecific map of chromosome 5 with a composite mouse linkage map that reports the map location of many uncloned mouse mutations (compiled by M. T. Davisson, T.
2.6-GUS.
H. Roderick, A. L. Wyard, and D. P. Doolittle and provided from GBASE, a computerized database maintained at The Jackson Laboratory, Bar Harbor, ME). Dmpl mapped in a region of the composite map that lacks mouse mutations, with a phenotype that might be expected for an alteration in this locus (data not shown). The middle region of mouse chromosome 5 shares a region of homology with human chromosome 4 (summarized in Figure 3) . In particular, Fgf5 has been placed on human 4q21. The tight linkage between Fgf5 and Dmpl in mouse suggests that Dmpl will reside on 4q as well, near 4q21.
Discussion
Signt9cance of Tissue SpeczFcity and Chromosomal Locus of Dmpl (AGl)
The previous work showed that the protein Dmpl was present in the rat incisor dentin matrix in phosphorylated form (9) and that its expression was limited to the teeth. The present work indicates that Dmpl is indeed a specific product of mature secretory odontoblasts that are engaged in synthesis and assembly of the mineralized dentin matrix.
We have studied the mineralization of dentin as a model for understanding the mechanisms that regulate tissue-specific biomineralization, with particular emphasis on mineral deposition within collagenous matrices. Our working hypothesis (25, 26) has been that mineralization is a multistep process. First, the tissueforming cells (odontoblasts in dentin, osteoblasts in bone) secrete a structural matrix protein that defines the shape of the tissue and provides the spaces for the ordered, oriented nucleation and growth of the mineral crystal phase. These cells also secrete a set of acidic regulatory macromolecules that enter the pre-formed structural matrix. Nucleation of crystal growth within the matrix is postulated to be initiated, in a heterogeneous nucleation process, at specific points where the acidic regulatory macromolecules have bound to the structural matrix. Further interactions between matrix macromolecules and the crystal may also regulate the ultimate crystal shape and/or size (8) .
In dentin it is clear that Type I collagen fibrils form the structural matrix. However, a number of acidic macromolecules are present within the matrix. Most prominent are a group of highly phosphorylated acidic molecules called phosphophoryns (PPs) (23), which have been considered as prime candidates for one or more of the regulatory roles described above. Unfortunately, monospecific antibodies to PP, with reasonable titers, are not available and the PPs have not yet been successfully cloned, so it has been difficult to explore the tissue specificity and distribution of the PPs. However, the discovery of AG1 as an aspartic acid-and serine-rich dentinspecific phosphoprotein (9) that co-purifies with the PPs and, from the cDNA-determined sequence, appears to share many of their properties, provided the opportunity to attack this problem. Ekagi et al. (22) , Takagi and Veis (21) and m a g i and Sasaki (20) had shown that the PPs were either absent or markedly reduced in content in patients identified clinically as having DI-11. Therefore, in view of the difficulty in separating Dmpl from the PPs, it was possible that Dmpl was also deficient in these patients. MacDougall and colleagues (15,16) had tried to establish a precise association between the PPs and DI-11. Their approach was to use a synthetic degenerative PP oligonucleotide probe, based on the amino terminal sequence of one of the rat PPs (5), to map the PPs to the long arm of human chromosome 4, 4q13-q21, which has previously been identified as the locus for the DI-I1 defect. Their results indicated that the gene for PPs, represented by their particular amino terminal sequence determined by Butler et al. (5), was not localized on human chromosome 4. They concluded that mutations within the PP gene locus are not responsible for DI-I1 or DI-111. There are several problems with this conclusion, the major one of which is that there is no evidence that the amino terminal sequences of human and rat PP are highly homologous and no evidence that the probe recognizes human PP DNA. Another complicating factor is that there are several PPs in rat dentin, and they may have different roles in the dentin matrix.
On the other hand, the localization of Dmpl to mouse chromosome 5q, tightly linked to Fgf5, indicates that Dmpl would appear on the comparable human chromosome 4q21 locus. A point of special interest is that Bmp3, a member of the bone morphogenetic protein family, also appears at this position, suggesting some relationship to mineralized tissue formation. Therefore, Dmpl can be considered as a candidate gene for the genetic disorder for DI-11. Clearly, this positive result suggests that further studies of the Dmpl gene and protein are in order. The regulation of Dmpl message transcription in developing teeth should provide additional insights into the possible role of this acidic, phosphorylated matrix protein in the process of mineralization. Such studies are currently in progress.
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